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ABSTRACT 
In this study, a multi±objective optimisation of sustainable integration of algal biofuel 
production using nutrient recycling technology, such as anaerobic digestion and hydrothermal 
liquefaction, is considered. Gross annual profitability and Global Warming Potential (GWP) 
are the criteria chosen for the design of algal biofuel production system. Three scenarios, 
such as full±scale (baseline), pilot±scale (conservative), and lab±scale (nominal), are chosen 
based on the expected maturity levels and nutrient demand. The results of the optimisation 
produce Pareto sets of optimal solutions for acknowledging the trade±off between the 
economic and the environmental criteria of the integrated system. It is found that the 
anaerobic digestion (AD) technology shows better performance in terms of environmental 
perspective and displacing the excessive fertiliser requirements due to its maturity in 
comparison with hydrothermal liquefaction (HTL) process. However, HTL is a new evolving 
and promising nutrient recycling technology which demonstrates economic preferences 
compared to AD process due to the low cost of production.  
Keywords:   biofuels; anaerobic digestion; hydrothermal liquefaction; life cycle analysis; 
multi-objective optimisation. 
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INTRODUCTION 
There is a continuing interest in considering microalgae as an alternative to traditional energy 
crops because of their high productivity, faster growth rate, and high photosynthetic 
efficiency. However, microalgae require more nutrients to achieve high productivity and high 
oil content compared to the traditional energy crops such as jatropha, oil palm, and rapeseed.1 
In fact, one of the basic challenges facing the viability of the production and conversion of 
microalgae to useful products is the resource demands, such as energy, nutrients (including 
CO2, nitrogen, and phosphorous), and water. Increasing energy and financial return on the 
investment and reducing the water intensity and nutrient requirement will increase the 
competitiveness and viability of microalgae±based biofuel system.  Therefore, increasing the 
efficiency of nutrient consumption and nutrient recycling technology is essential for algal 
biofuel competitiveness in the fuel market.2,3 Venteries et al.2 reported that approximately 25 
million tonnes of nitrogen and 4 million tonnes of phosphorus per annum are needed to be 
supplied for a large±scale cultivation of microalgae. These requirements are estimated to 
double the current European Union capacity for fertiliser production if EU substituted all 
existing transport fuels with algal biofuels. Therefore, the consumption and the amount of 
these nutrients fully depend on the technology pathway chosen to convert algal biomass to 
biofuel. The resource demand for a large±scale algal cultivation has always been a concern, 
and the associated environmental co±benefit is always sought for to ensure sustainability. 
Various life cycle assessment (LCA) studies have been therefore conducted to analyse the 
associated implications of nutrient demand on the economic and environmental issues of 
commercial±scale microalgae cultivation.4±10 Venteries et al.2 and Wigmosta et al.11 
investigated the nutrient supply and resource sustainability for Chlorella growth and 
compared various technologies and their impact on the optimisation of algal biofuel 
production.  Pate et al.12 and Quinn et al.13 conducted a regional±scale resource analysis of 
open pond system and site±specific analysis for photo±bioreactor and concluded that the 
resource sustainability is potentially a serious limitation for a successful deployment of the 
algal biofuel industry.  Gutiérrez±Arriaga et al.14 conducted a multi±objective optimisation on 
the profitability and environmental impact of the algal biodiesel production coupled with the 
steam electric power plant. However, the system integration and optimisation of nutrient 
recycling technologies with algal biofuels have not been studied so far in the literature.  
The integration of nutrient recycling technology, such as AD or HTL, with the algal biofuel 
system can be a great potential to offset the excessive nutrient demand for continuous algae 
culturing. The nutrient recycling technology of HTL yields a product typically refers to bio±
crude along with gas, liquid, and solids (char) streams. Both char and bio±crude can be 
combusted to generate heat, while nutrient±rich liquid stream can be recycled into the algal 
culture.15 Thus, HTL process has an additional benefit of energy recovery and nutrient 
recycling capability. However, the amount of energy recovered depends on HTL process and 
operating conditions, such as the temperature, pressure, microalgae composition, retention 
time, and catalyst used.  
On the other hand, AD is a matured process for microalgae conversion, and it finds 
application in many commercial and industrial processes. The effluent from the digester is 
referred to the digestate which contains a highly rich nutrient that can potentially be recycled 
to the algal pond for cultivation.16±18 The liquid fraction of the digestate contains more than 
60% N after solid±liquid separation, and the solid digestate is normally used for soil 
amendment's purpose.18 AD process can be used to convert the residual biomass (after the 
lipid extraction) as well as nutrient recycling of nitrogen and phosphorous for culturing 
microalgae. The theoretical methane production in the AD process from lipid extracted algal 
biomass produces more energy than that obtained from the lipid conversions. It depends on 
the gross composition of the residual biomass, retention time, temperature, and loading rate. 
It can be estimated based on volatile solids (VS) and the biodegradation rate.17±19 
Therefore, there is a considerable benefit of energy and nutrient recovery from these 
technologies which may induce the lower GHG emissions and possibility of cost reduction.  
Despite the aforementioned potentials, no systematic investigation has so far conducted, 
specifically on the integration of nutrient recycling technology with algal biofuel production, 
focussing on the economic and environmental sustainability. Although various stand±alone 
life cycle studies in the view of techno±economic feasibility and the environmental impacts 
of different algal culturing and processing have conducted in the literature4,6±10, the 
sustainability of algal biofuel production with integrating nutrient recycling technology 
through optimisation studies needs to be carried out. 
This study intends to examine the integration of nutrient recycling technologies, such as 
anaerobic digestion (AD) or hydrothermal liquefaction (HTL), with biofuel production from 
microalgae. We investigate nutrient recycling capability, profitability, and sustainability of 
integrating AD or HTL with algal biofuel production using multi±objective optimisation 
technique. 
 
MATERIALS AND METHODS 
Mathematical models entailing energy and mass balances based on LCA methodology 
coupled with the optimisation technique of Genetic Algorithm (GA) are employed in this 
study. 
System description 
A schematic algal pond is represented as shown in Figure 1 to depict the hypothetical 
integrated biofuel production system from microalgae. A bio±refinery process model is 
considered for sustainable production of lipids for biodiesel and co±generation of heat and 
electricity by different nutrient recycling technology. Microalgae are to be cultivated in an 
open pond, harvested in settling tanks using auto±flocculation, flocculated with chemicals 
(Chitosan), collected by dissolved air flotation, concentrated by centrifugation/drying and 
extracted using solvent (hexane) extraction methodology. The algal system is modelled as a 
commercial±scale of 100ha open raceway pond system used to cultivate microalgae. This 
scale of operation has been already studied in the literature.20 The pond design is assumed 
with industrial standards5: 150m long, 10m wide and 0.3m depth, and the mixing velocity of 
0.2m/s by the paddle wheel. The pond system is assumed to operate 360 days. The system is 
assumed to progress with a steady state concentration of 0.5g/l in the pond and 200g/l of the 
harvested algae for the production of biofuel. The algal productivity yield is used in the range 
of 25±40 g/(m2day) in this study. Various other parameters used in system analysis are listed 
in Table 1. The detailed descriptions and the assumptions used in the integrated microalgae 
biofuels products using AD/HTL resource recycling technology can be obtained in the 
supplementary data. 
Residues after oil extraction are digested using anaerobic digestion (AD) for energy recovery 
and nutrient recycling. An alternative nutrient recycling technology scenario considers 
hydrothermal liquefaction (HTL). The nutrient rich liquid stream from either AD/HTL is 
recycled back into the cultivation pond to replenish the demand of fertiliser.21 
If AD is implemented for energy recovery and nutrient recycling, the biogas is combusted in 
a gas turbine CHP (combined heat and power generator) unit with an electricity conversion 
efficiency of 36% and heat generation efficiency of 50%. While if HTL is used, the bio±
crude and char produced would be combusted in a boiler and converted to power and heat in 
a steam turbine CHP unit (9% electricity efficiency and 70% heat efficiency) as described by 
Zhang et al.21. Higher yields in HTL are associated with higher temperature, ranges below 
360oC.21 The HTL product yields of bio±crude, gas, liquid and solid consist of 36%, 40%, 
17% and 7%, respectively.22 The previous studies have shown that more than 70% of N and 
approximately 30% of P remain in the liquid stream of the HTL product.23±25 The energy 
products of the microalgae residue from both AD and HTL are combusted in gas 
turbine/steam turbine to produce heat and electricity respectively to meet some internal heat 
and power demands of the system, while other demands are considered to be met by natural 
gas used in a CHP unit or boiler for heat and electricity based on the grid.14,21  In short, heat is 
used in the extraction, digester, and drying processes, while electricity is utilised for on±site 
electricity demand, such as dewatering process. 
To assess the environmental and cost implication of nutrient demand of the microalgae 
biofuel system using the potential of nutrient recycling technology, such as AD and HTL, 
three different scenarios or levels are considered in this study. The chosen scenarios are 
assumed to be illustrative rather than a representation of actual or any particular technology 
selection. The full±scale scenario (baseline) represents the maximum productive scenario 
using matured technologies. This scenario is a representation of large±scale microalgae to 
biofuel production system at the near term, where a significant amount of engineering is 
required to realise these values. The pilot±scale scenario (conservative) represents technology 
that has been demonstrated at pilot±scale and the readiness of existing nutrient recycling 
technologies is fully demonstrated with the maximum resource consumption efficiency 
obtainable. The lab±scale scenario (nominal) is used to understand how microalgae±to±
energy production would fare if the operating parameters including growth rates, conversion 
efficiencies and other relevant parameters that have been achieved at lab±scale.  
In a full-scale scenario, most of the required input parameters are based on the projections 
from field data on energy efficiencies and yields for coming 5 years. The pilot-scale scenario 
is based on the data that was reported in the literature which is mostly obtained from the 
existing pilot±scale operation. The lab-scale scenario is mainly based on the variety of 
published sources in the literature and using these types of data, most of the previous LCA 
studies are performed. In this work, the assumed model parameters for each scenario and data 
sources can be found in Table 1. 
Mathematical model formulation 
A multi±objective optimisation for sustainable design of the algal biofuel system using 
nutrient recycling technology is considered in this work. The mathematical models are 
presented here as the linear algebraic equations in which a bi±criteria optimisation is 
proposed using four different types of constraints namely: (i) mass balance equations; (ii) 
energy balance constraints; (iii) economic analysis constraints; and (iv) environmental 
analysis constraints. These constraints are used for multi±objective modelling of the 
hypothetical microalgae biorefinery using two different nutrient recycling technologies. 
Profitability is the economic objective function that is intended to be maximised. The 
minimisation objective function is labelled as the global warming potential (GWP) to 
carefully facilitate the optimal design and operation of the hypothetical commercial±scale 
microalgae biofuel production system. The details of mass and energy balance constraints 
used in this study are presented in the supplementary material. 
Economic analysis  
The annual gross profit is an impact criteria as well as an objective function used in this study 
to measure the economic sustainability metric of the microalgae biofuel production at the 
preliminary design stage. The profitability is a simply defined as the revenue obtained from 
the sale of electricity, biodiesel, and glycerol plus the total subsidy (Tax credit) obtained from 
the GHG reductions (by the displacement of fertiliser inputs and assuming natural gas in a 
boiler and electricity from the grid) minus the total annualised cost (TAC). This can be 
written as   ൌ  ൅  െ          (1)  
The revenue is obtained from selling the products of the hypothetical bio±refinery, which 
includes biodiesel, electricity, glycerol, and the co±products of nutrients recovered from the 
nutrient recycling technology as follows:  ൌ Hܲ?H?H?H?כ ܧܮܧܥH?൅ Hܲ?H?כ ܨH?H?൅ Hܲ?H?H?כ ܨH?H?H?H?೅    (2)  
where Hܲ?H?H?H?ǡ ܲ H?ǡ Hܲ?H?H?ǡܲ ?೅ are the unit selling prices of electricity, biodiesel, and glycerol  
respectively and these values are taken from the literature.26ܧܮܧܥH?is the net electricity 
generated per year and the subscript "T" is the resource recycling technology.ܨH?H?andܨH?H?H? 
are the flow rates of biodiesel and glycerol, respectively. 
The total annualised cost (TAC) can be expressed as the sum of the annual capital cost 
(H?ሻand annual operating cost (H?ሻ  ൌ H?൅ H?  (3)     
The annual capital cost is determined as the sum of the equipment purchase cost of each unit 
involved in the integrated biorefinery system. The equipment purchase cost of unit is 
calculated using the correlation given by Gebreslassie et al26. The annual operating cost 
associated with the raw materials and nutrients is taken from the various sources in the 
literature.26, 27     
The economic performance objective function (profit) of the hypothetical commercial system 
is represented as follows: H?ܲݎ݋݂݅ݐ              (4) 
Subject to  ݄H?ሺݔǡ ሻ ൌ  ?ǡ  ൌ  ?ǡ ǥ ǥ Ǥ Ǥǡ  ݃H?ሺݔǡ ሻ  ൑  ?ǡ  ൌ  ?ǡ ǥ ǥ Ǥ ǡ  
 
The equality constraints represent the performance of the system, such as the energy and 
mass balances and are illustrated as ݄H?ሺݔǡ ሻ ൌ  ?.  The inequality constraints (݃H?ሺݔǡ ሻ ൑  ?ሻ 
explain the minimum and maximum process variables in terms of energy requirements, 
material availabilities, and capacities. The decision variables, ݔ
correspond to the resources and energy flows, the compositions, the size of process units, 
pressures, and temperatures, etc., whileݕis the output measurements of the system. 
Environmental analysis 
LCA is a systematic analytical method for evaluating energy flows and environmental effects 
of processes and their impacts along its life cycle. It follows a series of standards of (i) goal 
and scope definition, (ii) inventory analysis, (iii) impact assessment, and (iv) interpretation. 
Goal and scope definition 
The overall environmental objective of this study is to minimise the entire GHG emissions 
related to the hypothetical commercial±scale biofuel production that uses different types of 
(AD/HTL) nutrient recycling technology. The hypothetical biorefinery is a multi±output 
system where electricity, biodiesel, and glycerol are outputs, while the nutrient recycled is 
traded as organic fertiliser and energy source. The functional unit of MJ of biodiesel 
produced is chosen for this study. This type of functional unit has been used previously in the 
literature.7, 36 The system boundary of the hypothetical algal production system is depicted in 
Figure 2. 
A cradle±to±gate analysis is considered in this study that entails emissions of CO2, NOx, and 
CH4 during nutrient recovery from AD/HTL, heat and electricity consumptions, and 
emissions associated with the natural gas acquisitions coupled with direct emissions from 
algae growth to biodiesel production. The environmental impact investigated in this study is 
global warming potential (GWP) which is expressed in CO2 equivalent emissions per MJ of 
biofuel produced.37   In this work, the substitution is used for system allocation. In which, the 
lipid extracted algae (algae residue) that produces energy by AD/HTL which replaces heat 
and electricity requirement of the integrated process. Net energy produced from the 
integrated system using AD/HTL resource technology is a co-product of electricity. 
Regarding co±product of glycerol, it would be difficult to make allocation by substitution. 
Therefore, allocation by market price is considered in this work.     
Inventory analysis 
In this step, inventory of input /output data of the hypothetical bio±refinery, including 
AD/HTL process, is conducted based on mass and energy balances. The life cycle inventories 
of emissions as output data, such as emissions from heat and electricity, and processing unit 
operations, are recorded for every input, such as the flow rates of the species, nutrients, and 
water. The consumption rates of energy products are obtained from the literature14 and 
environmental databases in SimaPro.38  
Impact assessment 
In this stage, the life cycle inventory emissions are aggregated into a single environmental 
metric to quantify the potential environmental impact. The environmental metric used in this 
step is GWP which is employed to determine the environmental performance of the 
hypothetical microalgae bio±refinery system. It is calculated based on the overall GWP from 
emissions related to heat and electricity consumptions and direct emissions from the 
operations of the hypothetical microalgae bio±refinery. Moreover, the damage factors are 
employed to connect the GWP with the GHG emissions from the hypothetical algal bio±
refinery with AD/HTL systems. These values are retrieved from specific environmental 
models such as the Intergovernmental Panel on Climate Change (IPCC)
 
with characterisation 
factors of a 100±year horizon (GWP 100a).37
 
Life cycle GHG emissions reduction of the hypothetical commercial±scale algal biofuel 
facility can be calculated using a reference system of the same amount of heat and power 
produced and assuming a displacement scenario where heat requirements for biofuel 
production come from the combustion of natural gas in a boiler and electricity comes from 
the grid.15 Same scenario is applicable to the nutrient recycled by the AD/HTL process to 
displace the fertiliser inputs. Thus, GHG emissions reduction (

H?H?H?H?H?H?ሻby electricity 
generation from AD can be calculated as follows: 

H?H?H?H?H?H?ൌ H?H?H?H?H?H?H?כ ܧܯH?H?H?H?H?H?H?  (5)  
whereܧܯH?H?H?H?H?H?H? is the life cycle GHG emission factor of average electricity generated in a 
particular region and ܧH?H?H?H?H?H?H?is the rate of electricity produced by AD process. Similarly, 
GHG emissions reduction by electricity from HTL (

H?H?H?H?H?H?H?ሻ can be determined as 
follows: 

H?H?H?H?H?H?H?ൌ H?H?H?H?H?H?H?H?כ ܧܯH?H?H?H?H?H?H?  (6)  
Assuming heat requirements for the biofuel production come from AD, the GHG emissions 
reduction can be determined based on the boiler efficiency as follows: 

H?H?H?H?H?H?ൌ H?ಲವ೓೐ೌ೟డ್ כ ܧܯH?H?H?H?H?  (7)  
where߲H? is the boiler efficiency, ܧH?H?H?H?H?H? is the rate of heat generated from AD, and ܧܯH?H?H?H?H?is 
the life cycle GHG emission factor of natural gas. Similarly, life cycle GHG emissions 
reduction in terms of fertiliser inputs of both N and P from AD/HTL process ሺ

H?H?H?H? ሻcan be calculated as follows: 

H?H?H?H? ൌ ܷܰ Hܶ?H?H?H? כ ܧܯH?ǡH?H?H?H?H?H?  (8)  
whereܷܰ Hܶ?H?H?H?  is the nutrient demand efficiency, M represents nitrogen or phosphorous 
resource and TPW stands for technology pathways (AD or HTL).  
The tax credit of the hypothetical microalgae biofuel system can be calculated as follows:  ൌ ܵH?H?H?ሺ

H?H?H?H?H?H?൅ 

H?H?H?H?H?H?H?൅ 

H?H?H?H?H?H?൅ 

H?H?H?H? ሻ  (9) 
whereܵH?H?H? is the unit subsidy for reduction of life cycle GHG emissions in $/ton of GHG 
reduced.  
Now, the GWP potentials can be easily classified into three subcategories viz: (i) GWP direct 
emissions from energy and fertiliser inputs; (ii) GWP power consumptions emissions from 
the unit operations of the hypothetical bio±refinery; and (iii) GWP emissions from heat 
consumptions associated with the unit operations of the algae bio±refinery. 
GWP direct emissions 
Direct emissions are related to energy and fertiliser inputs for the nutrient and energy 
requirements of the microalgae biofuel system and these emissions are computed as follows: 
H?H?H?H?H?H?ൌ ߠH?ሺ

H?H?H?H?H?H?൅ 

H?H?H?H?H?H?H?൅ 

H?H?H?H?H?H?൅ 

H?H?H?H? ሻ    (10) 
whereߠH? is the damage factor that accounts for the GWP associated with the direct emissions 
related to GHGDIRECT.  
GWP power consumption emissions  
GWP associated with the power consumptions of various unit operations in the hypothetical 
bio±refinery and  the nutrient recycling technology, such as growth pond, pumps, harvesting 
units, dewatering units, lipid extraction units, AD units, and HTL units is calculated based on 
the following equation: 
H?H?ൌ ߠH?H? ? ܲܥH?   (11)  
whereߠH?H? is the damage factor that accounts for the GWP associated with the power 
generation and ܲܥ is the power consumptions of the various and distinctive unit operations. 
Algae bio±refinery unit heat consumption emissions 
The heat consumptions associated with various unit operations in the nutrient recycling 
technology and the hypothetical bio±refinery is calculated using the following equation: 
H?H?ൌ ߠH? ? ܪܥH?  (12)  
whereߠH? is the damage factor that accounts for the GWP associated with the heat generation 
and ܪܥ is the heat consumptions of the various operations. 
Environmental objective function 
The overall GWP is the summation of the various GWP contributions obtained from direct 
emissions, power, and consumptions of the algae bio±refinery as: 
H?H?H?H?H?H?H?ൌ ෍ ܩܹ Hܲ?H?  (13) 
where k represents all the GWP from the direct emissions, power, and heat consumptions. 
Now, the environmental objective function of the hypothetical system is obtained as follows: 
H?ܩܹܲ         (14) 
Subject to  ݄H?ሺݔǡ ሻ  ൌ  ?ǡ  ൌ  ?ǡ Ǥ Ǥ Ǥ Ǥ Ǥ Ǥ Ǥ Ǥ ǡ   ݃H?ሺݔǡ ሻ  ൑  ?ǡ  ൌ  ?ǡ ǥ ǥ Ǥ ǡ  
 
 
where GWP represents the environmental performance objective function of the system. The 
continuous variable, ݔrepresents decision variable which corresponds to the resources and 
energy flows, heat and power consumptions, the size of process units, pressures, 
temperatures, life cycle emissions inventory, and direct emissions etc., whileݕis the output 
measurement of the system. The equality constraints represent the performance of the system, 
such as the energy and mass balances, cost, and LCA constraints and are illustrated 
as݄H?ሺݔǡ ሻ ൌ  ?. The inequality constraints (݃H?ሺݔǡ ݕሻ ൑  ?ሻ explain the minimum and 
maximum process variables in terms of energy requirements, material availabilities, and 
capacities.  
Interpretation 
In this work, a genetic algorithm (GA) is used to implement the multi±objective optimisation 
study. GA is more robust and a stochastic search method. It involves the search of a random 
set of populations rather a single point which results in much better solutions. Most important 
feature of GA, especially in terms of multi±objective optimisation, is the ability to converge 
on the Pareto±optimal sets for a highly, non±convex problems. Pareto±optimal sets showing 
distinctive and alternative designs can be obtained during the optimisation process. 
Moreover, in all the observed Pareto±curves, each point represents an optimal design 
condition.  
 
RESULTS AND DISCUSSION 
Effect of nutrient recycling technology  
Mathematical models entailing mass and energy balances coupled with the optimisation 
described in the previous section were solved using Genetic Algorithm (GA) technique in 
MATLAB tool. The population size of 300 chromosomes and the crossover fraction of 0.7 
were used.  In this work, GWP is represented as in term of the functional unit of g CO2 eq. 
per MJ of biodiesel produced whereas profit is represented as annually. The annual gross 
profit is used for economic function due to several potential co±products in addition to 
biodiesel namely, glycerol and electricity. Table 2 shows the modelling results of the annual 
profit and GWP with a subsidy unit of 20 US$/tonne of CO2 eq. for various scenarios using 
different recycling technologies (AD/HTL). It can be seen from the table that a full±scale 
scenario in both AD and HTL shows the larger the value of the profitability. It is also 
observed that in the AD case, even though the profitability increases from lab±scale scenario 
to full±scale scenario, GWP increases from lab±scale scenario to pilot±scale scenario and 
then decreases from pilot±scale scenario to full±scale scenario. However, in the HTL, the 
different trend is observed, i.e., the profitability increases, while the GWP decreases from 
lab±scale scenario to full±scale scenario. Notwithstanding these differences, the profitability 
of both processes is optimistic and tight to the unit of subsidies incorporated in the system. 
Figures 3(a±c) illustrate the solution of the multi±objective problem, providing Pareto curves 
for the integrated hypothetical biofuel system with different scenarios of AD recycling 
technology. The Pareto curves represent the best possible trade±off between the annual gross 
profit and GWP of the hypothetical system. The simulation is performed using different unit 
subsidies for the reduction of GHG emissions. A range of 20±60 US$/tonne CO2 eq. subsidy 
rate is used for observing the profitability and GWP behaviours of the hypothetical system. 
The figures illustrate that the reduction in the GWP using different unit subsidies can be 
achieved at the expense of a decrease in the venture profitability. In a full±scale scenario with 
a subsidy unit of 20 US$/tonne CO2 eq., point A corresponds to the most environmentally 
sustainable solution, with the lowest GHG emission of 46g CO2 eq./MJ but the annual profit 
is almost zero. On the other hand, point C corresponds to the most economical solution, with 
the highest GHG emission of 60g CO2 eq./MJ and the highest annual profit of US$3.6 MM. 
Considering the trade±off between the economic and environmental criteria, we identify point 
B with the GHG emission of 53g CO2 eq./MJ and the annual profit of US$3.4 MM as a good 
choice, which significantly reduces the cost involving in the GHG emission. However, it is 
worth to mention that all the solutions on the Pareto curve are considered Pareto±optimal 
where the gross profit is maximised with respect to the specified GWP limit, among which 
one can choose for the supply chain design according to the preference. Solutions in the 
region above the curve are not feasible whereas solutions in the region below the curve are 
suboptimal. 
It is also shown in Figure 3 that the larger unit subsidy rate for reduction of GHG emissions, 
more gross profit can be achieved. The higher profitability is associated with the production 
of biodiesel from microalgae inducing the higher revenue generation as well as the impact of 
high nutrient recycle rates on biodiesel yield. This is because high nutrient increases the 
revenue and thus reduces operating cost, thereby avoiding direct GHG emissions from 
fertiliser production.  Similarly, the higher the global warming potential the higher the 
profitability. This is because the higher global warming potential is associated with heat and 
power consumptions which have the direct impact on the capacity of the hypothetical bio±
refinery to produce more biofuel. A value of GWP obtained in this study is 60g of CO2 eq. 
/MJ with the annual profit of US$3.6 MM and its corresponding annualised cost of US$1.6 
per Gasoline Gallon Equivalent (GGE). This range of result is comparable with the 
previously reported work in the literature.39 Gong and You39 investigated sustainable design 
and synthesis of manufacturing algal products from microalgae including biodiesel, and value 
added biochemicals. Their optimisation results indicate that the algal biorefinery can achieve 
a unit annualised cost of $2.78 /GGE and unit of 61 g of CO2 eq./MJ biodiesel produced. 
Thus, the results obtained in this work show that the integrated biorefinery system could be 
profitable. 
Figures 4(a,b) show Pareto curves for integrated biofuel system using different scenarios of 
AD recycling technology at a subsidy unit of 20 and 40 US$/tonne CO2 eq.. The results 
indicate that the increasing annual gross profit is observed when the scenario changes from 
the lab±scale to pilot±scale and from pilot±scale to full±scale. This may be due to the amount 
of nutrients that can be recycled back to the pond depends on the scenario and thus offset by 
the energy products produced from AD. The baseline scenario (full±scale) that uses the high 
rates of nutrient recycled (the high maturity of nutrient recycling technology) shows the 
highest maximum gross profit. The results also indicate that the pilot±scale scenario shows 
greatest GWP in the range of 58±70g of CO2 eq./MJ in a comparison with lab±and full±scale 
scenarios which observe in the range of 40 to 45 g of CO2 eq./MJ  and 45 to 60 g of CO2 
eq./MJ respectively.  The higher GWP in both pilot± and commercial±scales  may be because 
of high energy use. The higher energy demand in pilot± and commercial±scales may be due 
to low nutrient recycling efficiency and consequently lower production of biogas. A similar 
finding has been reported by Liu et al.36 . The authors found that the GHG emission is higher 
for pilot-scale scenario than that in full-scale and lab-scale scenarios in the case of algae-
derived diesel fuel.  In fact, the higher the system's efficiency the lower the GWP and this 
largely depends on the efficiency of distinctive algal production units such as growth, 
harvesting, dewatering, conversion units etc., and their GWP values. This is also 
largely influenced by the energy consumption which directly depends on the material inputs 
coupled with the auxiliary input energy provided.  The discrepancy that occurs in the GWP 
could also be attributed to the fact that algal biofuel process is still at the infancy stage and 
the extrapolation of data obtained from the well±controlled laboratory to pilot± and 
commercial±scale is very difficult and complex.  
Figures 5(a±c) represent the solution of the multi±objective problem providing Pareto curves 
for integrated hypothetical biofuel systems with different scenarios of HTL recycling 
technology.  It is found that the higher the profitability the higher GWP.  Also, it is observed 
that the profitability increases, while the GWP decreases when the scenario changes from 
lab±scale to the full±scale scenario. This may be because the energy use and GHG emissions 
are higher when the scenario changes from full±scale to lab±scale due to its low±biocrude 
yield and nutrient recycling efficiency in HTL. Also, when the scenario changes from lab±
scale to commercial±scale, a significant improvement in all criteria leads to the decrease in 
energy demand which results in the reduction in the GWP. 
The value of GWP obtained in this study is 31g of CO2 eq. /MJ with the annual profit of US$ 
2.3 MM and its corresponding annualised cost of US$0.9 per Gasoline Gallon Equivalent 
(GGE). This range of GWP is comparable with the previously reported work of Lio et al.36. 
The authors reported GWP for full±scale algae±derived fuel by HTL process approximately 
30 gCO2 eq. /MJ of biofuel produced. 
Comparison between HTL and AD  
A comparison plot of Pareto curves between AD and HTL recycling technology for different 
scenarios at a particular subsidy unit of 20 US$/tonne CO2 eq. is shown in Figure 6a. It is 
found that the profitability of the AD nutrient recycling technology for both full±scale and 
pilot±scale scenarios is greater than that of HTL recycling technology at the expense of 
higher GHG emissions. A full±scale scenario of HTL nutrient recycling technology shows 
the annual profit of US$ 2.3 MM at GWP of 31g CO2 eq. per MJ of biofuel produced, 
whereas full±scale scenario of AD recycling technology shows the annual profit of US$3.6 
MM at GWP of 60 gCO2 eq. per MJ of biofuel produced. Similarly, a pilot±scale scenario of 
HTL nutrient recycling technology shows the profit of US$1.1 MM at GWP of 45g CO2 eq. 
per MJ of biofuel produced, whereas pilot±scale AD shows the profit of US$1.8 MM at GWP 
of 70 gCO2  eq. per MJ of biofuel produced. The lab±scale scenario of HTL shows slightly 
better than that of AD, i.e., HTL shows the annual profit of US$0.5 MM at GWP of 55 gCO2 
eq. per MJ, whereas AD shows the annual profit of US$0.3 MM at GWP of 47 gCO2 eq. per 
MJ. The higher profit in lab±scale HTL may stem from the bio±crude yield and the lower 
production cost of the HTL process compared to the methane production in the AD process. 
Recently, Delrue et al.40 compared the residue upgraded process of HTL with the AD process 
and reported that the production cost is significantly lower for the HTL (average 52.7£/GJ.) 
than that of AD (average 74.8£/GJ.). However, the distinctive solutions involved in either AD 
or HTL scenario are a clearly different trade±off between profitability and GWP in which one 
can make a choice and decide on a particular solution that is determined based on the 
preferences at a particular point in time. 
A comparison between AD and HTL in terms of nutrient recycling, energy production and 
GHG reduction behaviours for the hypothetical integrated biorefinery system with baseline 
scenario is shown in Table 3. 2.94 tonnes/year N and 4.7 tonnes/year P  can be recycled from 
AD,  whereas from HTL 1.08 tonne/year N and 1.1 tonnes/year P can be recycled. AD has  a 
higher recycling rate compared to HTL. In terms of the total energy production and 
consumption in AD and HTL nutrient recycling technology,  AD produces more energy 
(1.1691×108
 
MJ /year) than HTL does (8.9729×107 MJ /year), whereas HTL consumes more 
power (8.7042×107 MJ/year) than AD (6.6913×107 MJ /year).  HTL produces a lower 
amount of electricity (1.019×107  MJ/ year) due to low electricity conversion efficiency of the 
steam turbine CHP unit while it produces more heat (7.926×107  MJ/ year). Since AD 
generates more both electricity (4.241×107  MJ/ year) and heat (5.89×107  MJ/ year) due to 
the higher conversion efficiency of gas turbine CHP unit, it has the higher capability for 
energy recycling to the integrated bio±refinery system.  Total GHG reduction by AD and 
HTL recycling technology are also shown in Table 3.  The GHG reduction from recycling N 
and P is 4.59 and 0.49 gCO2 eq. per MJ of biofuel produced by AD and 4.57 and 0.47 gCO2 
eq. per MJ of biofuel produced by HTL.  The GHG reduction from avoiding electricity from 
the grid and heat from NG combustion in the boiler is 53.79 and 33.9 gCO2 eq. per MJ of 
biofuel produced by AD and 12.93 and 45.61 gCO2 eq. per MJ of biofuel produced by HTL. 
Both AD and HTL shows a similar range of GHG reduction from nutrient recycling. 
However, AD shows an overall higher GHG reduction than that from HTL. 
The energy return on investment (EROI= net energy produced/net energy input) and  GWP   
(gCO2eq./MJ of biofuel produced) of the integrated energy system involving AD and HTL 
nutrient recycling technology for various scenarios are also calculated and these values are 
shown in Fig 6b.  The results show that the integrated energy system involving HTL nutrient 
recycling has a lower EROI in the range of 1.1 for all three scenarios in comparison with the 
AD recycling technology which has a higher EROI, approximately 2.0.   The process will 
generate more energy when EROI value is greater than 1.  These results are in the similar 
range reported by Lio et al.36 The authors found that the EROIs for full±scale algae±derived 
fuel and pilot scale algae±derived fuel by HTL process are approximately 2.5 and 1 
respectively. GWP for HTL nutrient recycling technology shows lower than AD technology.  
However, both AD and HTL nutrient recycling technology shows lower GWP compared to 
fossil fuel which emits considerably more GHGs (94.3g CO2 /MJ).36,41 
Based on this finding, AD technology is much better in terms of displacing the excessive 
fertiliser demand, energy recovery, and maturity in comparison with HTL process. However, 
HTL is a new evolving and promising nutrient recycling process which demonstrates 
economic preferences compared to AD process due to the low cost of production.  
Sensitivity analysis  
A sensitivity analysis is performed to identify components of the integrated biorefinery 
system that affect the net energy requirements and GWP and to further guide research. The 
sensitivity analysis is performed by independently varying each system parameter by ± 10% 
using the optimised conditions obtained in the present study. Results from the sensitivity to 
process parameters are presented for the full±scale scenario of both AD and HTL nutrient 
recycling technology and these are shown in Figure 7. In this investigation, the sensitivity of 
nutrient recycling efficiency of nitrogen and phosphorus is not studied. The increasing lipid 
content by 10% from baseline decreases EROI of the integrated system by 3% due to the 
decrease in the amount of mass (lipid exacted algae) going to the AD. This, in turn, decreases 
the electricity generated by co±processing of lipid extracted algae in the digester which leads 
to decrease in EROI. The increasing both the methane yield and volatile solid content has the 
increasing effect on the EROI.  The results also show that increasing algal growth 
productivity has a minimal increasing effect on GWP. This is because when the productivity 
yield is increased, more electricity is required which increases usage of fossil fuel and GHG 
emissions accordingly.  This result is consistent with the work of Quinin et al.41. The 10% 
increasing lipid content from baseline decreases GWP of the system by 13% and the 10% 
decreasing lipid content increases GWP of the system by 16%.  The increasing lipid content 
will decrease the amount of lipid extracted biomass fed to the AD which in turn decreases the 
amount of energy that can be produced by AD. This leads to the decrease in GHG emissions.  
The increasing both methane yield and volatile solid content have a positive effect on GWP. 
In HTL recycling technology, the parameters that influence EROI and GWP are biocrude 
yield and lipid content of algal biomass. The results show that both bio crude yield and lipid 
content are more sensitive. This is consistent with the work by Fortier et al.42.It is found that 
the increasing both biocrude yield and lipid content by 10% from baseline increases the EROI 
by 11% and 2% respectively. The HTL recycling technology also shows that the increasing 
lipid content decreases GWP of the system by 13% and the decreasing lipid content increases 
GWP by 16% which is similarly found in AD recycling technology. The biocrude yield also 
impacts GWP significantly. There is minimal difference in GWP when both algal growth 
productivity and CO2 utilisation efficiency changes by ± 10%. 
The analysis of cost uncertainty is also performed for both AD and HTL nutrient recycling 
technology in this study and the results are shown in Figure 8. It is observed that most 
sensitive parameters that affect the annual profit of the integrated biorefinery system are the 
selling price of biodiesel and electricity. In AD case, the increasing a selling price of 
biodiesel by 10% from baseline increases the annual profit by 8.7%, whereas in HTL, the 
annual profit increases by 11.4 %. The sensitivity of electricity selling price shows high in 
AD case (5%) than that in HTL case (0.43%). This is because AD generates more electricity. 
In both cases, the sensitivity of the cost of both water and hexane shows a minimal effect on 
the annual profit, whereas the nutrient cost (ammonia and phosphorous) shows a negligible 
effect due to its recycling.   
Discussion 
The findings from this modelling study are based on the engineering calculations and the 
reported values in the literature as well as laboratory scale experiments. Thus, future studies 
with additional data from the pilot or industrial±scale tests are required for the successful 
nutrient recycle technology to the integrated biofuel production from microalgae. Also, 
various scenarios are investigated in this work for possible future achievements and may not 
indicate the full status of commercial algal biofuel technology. Because various technical and 
environmental challenges still persist to realise the commercial production. The productivity 
levels and some parameters XVHGLQWKHGHVFULSWLRQRIVFHQDULRVDUHRQO\µWKHRUHWLFDO¶DQG
µPD[LPXP¶DVWKHUHLVQRFOHDUHYLGHQFHRUreport that such productivities are achievable or 
can be sustained over a period of time for the large±scale commercial production. Most of the 
projections made for algal biofuels are very excessive optimistic assumptions. The 
optimisation modelling is limited to consider on±site energy cost and nutrient recycling 
potential analysis, and it does not take into consideration the additional expenses of feedstock 
processing, logistics, and transport infrastructures. Also, since it is very challenging to 
identify the breakthrough in yield and cost saving in algal technology, incorporating a 
subsidy for GHG reductions has significantly increased the potential profitability of the 
hypothetical bio±refinery. Without this, algal biofuels are not likely to be competitive in the 
nearby future.  
 
CONCLUSION  
A case study of a hypothetical integrated biofuel system using nutrient recycling pathways of 
AD and HTL is presented through multi±objective optimisation. Three different scenarios are 
considered based on the levels of future maturity. The solution of the optimisation problems 
produces Pareto sets of optimal solutions that can be used to acknowledge the compromise 
(trade±off) between the economic and the environmental criteria of the integrated system. 
The results show that AD or HTL nutrient recycling technology can be integrated with the 
algal biofuel production system and thus utilised to reduce the cost and environmental 
implications of algal biofuels. Also, it is found that the AD technology shows much better 
performance in terms of displacing the excessive fertiliser demand, energy recovery, GHG 
emissions reduction, and maturity compared to HTL process. However, HTL is a new 
evolving and promising nutrient recycling process which demonstrates economic preferences 
compared to AD process. For recommending HTL or AD as effective nutrient recycling 
pathways, more research is needed in pilot and demonstration±scale.   
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Table list 
 
Table 1: List of selected parameters and three different scenarios of AD and HTL for 
hypothetical integrated algal biodiesel production 
 
Biofuel Production AD Scenario HTL Scenario 
Reference 
Parameter Unit 
Baseline 
(Commerc
ial) 
Conservative 
(demonstration) 
Nominal 
(Lab±
scale) 
Baseline 
(Commerc
ial) 
Conservative 
(demonstration) 
Nominal 
(Lab±scale) 
N Recovery % 86 76 50 84 70 15 
Bauer et al.28 
Davis et al.29 
Frank et al.18 
Venteris et al.2 
P Recovery % 85 49 9 85 28.3 20 
Bauer et al.28 
Davis et al.29 
Frank et al.18 
Venteris et al.2 
C utilization 
efficiency % 90 85 80 90 85 80 
Lundquist et al.30 
Frank et al.31 
Quinn et al.13 
Sheehan et al.32 
CH4 
theoretical 
yield 
L/g VS 0.80 0.66 0.4 ± ± ± 
Sialve et al.16 
Zhang et al.21 
Frank et al.33 
Bio±crude 
yield wt% ± ± ± 35.4 35.3 35.3 
Vardon et al.15 
López Barreiro et 
al.34 
C:N:P  mol. 
ratio  175:21:1 100:9:1 106:16:1 175:21:1 100:9:1 106:16:1 
Chisti35 
Frank et al.33 
Growth rate g/m2/day 40 30 25 40 30 25 
Chisti35  
Frank et al.33 
Frank et al.31 
Gutiérrez±Arriaga et 
al.14 
Lipid content  40 30 25 40 30 25 
Zhang et al.20 
Gutiérrez±Arriaga et 
al.14 
Frank et al.31 
Volatile solids 
(VS) 
% total 
solid 
(TS) 
90.2 90 80.5 90.2 90 80.5 Sialve et al.
16
 
Collet et al.17 
 
 
 
 
 
 
 
Table 2: Modelling results of the profit and environmental impact for various scenarios using 
a unit subsidy of $20/tonne CO2 eq. 
Technology 
pathway Scenarios 
Profit (US$/yr MM) GWP (gCO2-
equiv./MJ) 
Max Min Max Min 
AD 
Full-scale 3.64 0.09 59.8 46.7 
Pilot-scale 1.8 -0.0016 69.2 57.5 
Lab-scale 0.361 -0.0084 47.7 41.4 
HTL 
Full-scale 2.2 0.35 31.2 28.5 
Pilot-scale 0.96 0.02 44.6 42.1 
Lab-scale 0.50 -0.009 54.4 53.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3: A comparison betweetn AD and HTL  in terms  of nutrient recycling and energy 
production for the hypothetical integrated bio±refinery system 
Parameter Unit AD HTL 
Algal biomass tonne/yr. 14304 14304 
Residual biomass tonne/yr. 80195 80195 
Make±up water tonne/yr. 1.7946×107 9.05×103 
Biodiesel production tonne/yr. 3773.9 3773.9 
Glycerol production tonne/yr. 415 415 
Bio±crude production tonne/yr. ± 3208 
Bio±methane 
production tonne/yr. 3.1249×10
9
 ± 
Electricity generation 
from bio±crude  MJ/yr. 4.241×10
7
 1.019×107 
Heat generation from 
bio±crude  MJ/yr. 5.890×10
7
 7.926×107 
Total power 
produced  MJ/year 1.1691×10
8
 8.9729×107 
Total power 
consumed  MJ/year 6.6913×10
7
 8.7042×107 
Average Nitrogen 
recycled tonne/yr. 2.94 1.08 
Average Phosphorous 
recycled tonne/yr. 4.7 1.1 
Overall Nitrogen 
demand tonne/yr. 404 401 
Overall Phosphorous 
demand tonne/yr. 90.5 86.9 
GHG reduction by N 
recycling   g CO2 eq./MJ 4.59 4.57 
GHG reduction by P 
recycling   g CO2 eq./MJ 0.49 0.47 
GHG reduction by 
electricity generation    g CO2 eq./MJ 53.79 12.93 
GHG reduction by 
heat generation      g CO2 eq./MJ 33.9 45.61 
Direct GHG emission  g CO2 eq./MJ 46.39 31.8 
GHG emission by 
power consumption g CO2 eq./MJ 6.53 1.55 
Total GHG emission  g CO2 eq./MJ 52.93 33.35 
 
Figures 
 
Figure 1: A hypothetical integrated microalgae bio-refinery using AD/HTL recycling 
technology 
 
Figure 2: A system boundary for life cycle stages of the hypothetical bio-refinery 
 Figure 2: Pareto-curves for the hypothetical integrated biofuel system using AD recycling 
technology with different subsidy units demonstrated at (a) baseline scenario (b) conservative 
Scenario (c) nominal scenario  
Figure 4: Pareto-curves for the hypothetical integrated biofuel system using different 
scenarios of AD recycling technology with different subsidy unit of (a) 20 US$/tonne CO2 
equivalent (b) 40 US$/tonne CO2 equivalent  
 Figure 5: Pareto-curves for the hypothetical integrated biofuel system using HTL recycling 
technology with varies subsidy units for GHG emissions reduction demonstrated at (a) 
baseline scenario (b) conservative Scenario (c) nominal scenario  
 
Figure 6: (a) A comparison plot of Pareto-curves between AD and HTL recycling 
technology for different scenarios at a particular subsidy unit of 20 US$/tonne CO2 
equivalent (b) EROI vs. GWP  plot for different scenarios of both AD and HTL recycling 
technology 
 
Figure 7: Sensitivity analysis of the hypothetical bio-refinery system using (a) AD recycling 
technology (b) HTL recycling technology 
 
Figure 8: Cost uncertainty analysis of the hypothetical bio-refinery system using (a) AD (b) 
HTL recycling technology 
 For Table of Contents Use Only 
Sustainable process of algal biofuel production by the integration of nutrient recycling 
of AD and HTL is studied using multi-objective optimisation method. 
 
 
